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7T MRI reveals diffuse iron deposition in the putamen and caudate nucleus in CADASIL
InTRODuCTIOn
Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) is a hereditary small vessel disease caused by mutations in the NOTCH3 gene.
(1) The mutations cause abnormalities in small calibre arteries and arterioles of the cerebrum, consisting of deposition of granular osmiophilic material (GOM), degeneration of vascular smooth muscle cells and fibrous thickening of the vessel wall. (2) Diffuse iron deposition in brain is a process that has been demonstrated in neurodegenerative diseases, in brain ischemia from large vessel occlusion, and in healthy subjects of older age. (3) (4) (5) (6) (7) Over the last few years, evidence is increasing that iron deposition is an important biomarker of various disease processes in the brain.(8;9) MRI scans in CADASIL, a small vessel disease, show both ischemic and secondary neurodegenerative changes. (10) (11) (12) Increasingly sensitive detection of iron accumulation in the brain has been made possible by the advent of high field MRI, using magnitude and phase imaging of T2* gradient echo scans. (4;13) The aim of this study is to investigate the potential presence and pattern of iron accumulation in CADASIL using high field MRI in vivo and ex vivo, as well as histopathological confirmation of iron accumulation.
METHODS

Patients
Participants consisted of 25 symptomatic (n=14) or asymptomatic (n=11) NOTCH3 mutation carriers (MCs) and 15 healthy age-and sex-matched volunteers. Informed consent was obtained from all participants. Approval for the study was given by the medical ethics committee of the Leiden University Medical Center.
A full medical history was obtained. Disease duration was determined based on first occurrence of neurological symptoms excluding migraine aura.
In-vivo Magnetic Resonance Imaging
MRI was performed on a whole body human 7T MR system (Philips Healthcare, Best, the Netherlands). Whole brain imaging was performed with all sequences in an axial plane parallel to the inferior border of the genu and splenium of the corpus callosum. Additionally, high resolution imaging in a 2.2 cm thick axial slab of interest that included the thalamus, corpus striatum and parts of the frontal, parietal, temporal as well as occipital lobes was performed. Chapter 8 106 The following scan protocol was used:
• Whole brain 3D T1-weighted images with a scan duration of 12 minutes; repetition time (TR)/ echo time (TE)/ flip angle = 19 ms / 9.2 ms / 8°, 280 slices, 210 x 169 mm field of view, 700 x 563 matrix size -resulting in a nominal resolution of 0.3 x 0.3 x 0.5 mm.
• Whole brain 3D T2*-weighted gradient echo images with a scan duration of 5:46 minutes; TR/TE/FA = 24 ms / 15 ms / 15°, 280 slices, 220 x 182 mm field of view, 368 x 303 matrix size -resulting in a nominal resolution of 0.6 x 0.6 x 0.5 mm.
• Whole brain 2D T2-weighted turbo spin echo images with a scan duration of 6:04 minutes; TR/TE/FA = 14000 ms / 105 ms / 90°, slice thickness 3.0 mm with a 0. 
MRI Analysis
Before analyzing diffuse iron deposition, the magnitude images of the T2*-weighted scans were first inspected for the possible presence of microbleeds since they may interfere with measurements of diffuse iron deposition. Analysis was done by an observer who was blinded to patient data.
Microbleeds were defined as focal areas of signal loss on the whole brain T2*-weighted images with a round or ovoid shape, that did not appear in successive slices, showed a blooming effect on T2*-weighted images and that were devoid of signal hyperintensity on T1-or To analyze diffuse iron accumulation, we first inspected the magnitude images of the T2*-weighted images visually for diffuse areas of signal loss. Diffuse hypointensities in the basal ganglia and thalamus were assessed using a subjective two-point scale, and were scored as being present or absent.
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7T MRI reveals diffuse iron deposition in the putamen and caudate nucleus in CADASIL To further quantify the amount of diffuse iron accumulation, we used the unwrapped phase images, since they provide a measure of iron content that is relatively independent of other tissue characteristics, such as gliosis, water content, etc.(4) We measured mean phase shift on the unwrapped phase images of the high-resolution multi slice T2*-weighted gradient scans after manually outlining regions of interest (ROIs) bilaterally in the globus pallidus, putamen, head of caudate nucleus, thalamus and in the cortex and subcortical white matter of the frontal, temporal, parietal and occipital lobes. Focal areas of phase shift, attributable to cerebral microbleeds or areas of calcifications, were excluded from the ROIs. ROIs in deep grey nuclei were drawn on the slice that best visualized the structure and followed the shape of the structure. ROIs in cortical grey matter and subcortical white matter were drawn on 5 different slices, each 4 mm apart, and consisted of 5 randomly distributed circular ROIs per lobe per slice in the cortex and 1 circular ROI per lobe per slice in the subcortical white matter.
Mean phase shift in all ROIs was measured on a digital workstation.
Postmortem MRI examinations
Formalin-fixed, approximately 10-mm-thick, coronal hemispheric brain slices from another 3 CADASIL patients (patient 1: female, 58 years old; patient 2: male, 64 years old; patient 3: female, 60 years old) were investigated, which included the basal ganglia and thalamus (n=2), white matter (n=3) and cortex (n=3). Fixation duration ranged from 8 -11 years. In all cases, informed consent was obtained from the patient or family to perform autopsy and to use the tissues for research purposes. The diagnosis was genetically confirmed and neuropathologic findings in these patients were consistent with the diagnosis of CADASIL. The brain specimen was placed between two perspex plates (170 mm long, 80 mm broad) adjusted to the thickness of the brain slice. Ten holes per plate of 25 mm in diameter were made to allow air bubbles to escape. The brain specimen between the plates was positioned in a plastic container filled with formalin and shaken by hand to remove air bubbles. The container was fixed in the head coil using cushions. MRI was performed with the same whole body human 7T MR system.
The following scan protocol was used (adapted from van Rooden and coworkers (17) 
Histopathologic analysis
After imaging, the brain slices were embedded in paraffin and cut into 10-μm-thick sections.
Sections were stained with hematoxylin and eosin or Luxol fast blue for routine histopathological examination. Perl's staining was used to identify iron and von Kossa's staining was used to identify calcium. Location and pattern of iron deposition and calcium deposits were recorded. Differences in staining severity were assessed qualitatively.
Statistics
Statistical analysis was performed using the SPSS-16 statistical software package (SPSS Inc., Chicago, IL). Differences in age and sex between NOTCH3 MCs and controls were analyzed using Student's t-tests and chi square tests. Differences in prevalence of diffuse hypointensities in cortex, white matter and deep grey nuclei in MCs and controls were analyzed using Fisher's exact test. Differences in mean phase shift between MCs and controls, and between symptomatic MCs and asymptomatic MCs, were compared using analysis of covariance (ANCOVA), with age as a covariate to correct for possible age differences. Significance thresholds were set at p < 0.01 in order to correct for multiple testing. Mean phase shifts were additionally correlated with age using the Pearson correlation coefficient.
RESuLTS
Age and sex distribution of MCs (12 males and 13 females; mean age: 46.5 years, SD: 12.2) and controls (9 males and 6 females; mean age: 44.7 years, SD: 12.2) were comparable. The average disease duration of the 14 symptomatic MCs was 7.7 years (range 1 to 21 years).
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In vivo MRI
Focal areas of signal loss on magnitude images
Eleven MCs (44%) had microbleeds, mostly (69%) in the thalamus, but also in the basal ganglia (9%), subcortical white matter (8%), infratentorium (7%), cortex (4%) and deep white matter (3%). The number of microbleeds per patient ranged from 1 -27 (mean 6.8).
Diffuse areas of signal loss on magnitude images
Compared to controls, the MCs had a higher prevalence of diffuse areas of signal loss in the putamen (15/ and caudate nucleus (7/14 symptomatic MCs and 4/11 asymptomatic MCs). However, these differences were not statistically significant (p > 0.05).
Analysis of phase shift on phase images
MCs demonstrated a symmetrically (Pearson correlation coefficient greater than 0.8) increased phase shift compared to controls in the putamen (p = 0.0005) and caudate nucleus (p = 0.008) (table 1, figure 1 and figure 2 ). The amount of phase shift in the globus pallidus and thalamus, and in the cortex and subcortical white matter did not differ between MCs and controls (table 1).
Symptomatic MCs had higher mean phase shift values in the putamen and caudate nucleus than asymptomatic MCs (symptomatic: putamen = 0.490 rad, caudate nucleus = 0.179 rad; asymptomatic: putamen = 0.361 rad, caudate nucleus = 0.149 rad). However, these differences were not statistically significant. Similarly, no significant differences in phase shift were found between symptomatic and asymptomatic MCs in the globus pallidus, thalamus, cortex and subcortical white matter.
In MCs an increased phase shift in the putamen and caudate nucleus was associated with higher age (putamen: B = 0.008 rad per year, r = 0.47, p = 0.02; caudate nucleus: B = 0.003 rad per year, r = 0.45, p = 0.02). In the healthy controls, no association was found between age and phase shift in putamen and caudate nucleus. No iron staining was observed macroscopically in the cerebral cortex (except for a remnant of a hemorrhage in the temporal cortex of 1 patient), the subcortical white matter or the thalamus. Microscopy showed that the iron deposits in the caudate nucleus and putamen were located scattered throughout the parenchyma as well as perivascularly, and that they were mostly associated with cells with morphology of glia. Microscopy also showed mild diffuse staining of myelin in the subcortical white matter, with delicate patches of cell-associated iron deposits.
No microscopic iron deposits were found in the thalamus and in the cortex.
Von Kossa staining revealed sporadic calcium deposits in the globus pallidus, putamen and caudate nucleus. This calcium staining was mild and did not match the pattern of MRI hypointensities.
DISCuSSIOn
This combined MRI and histopathological study shows that CADASIL patients have diffuse areas of increased hypointensity and phase shift in the putamen and caudate nucleus, which we show to be caused by progressive local iron accumulation. Although ischemic damage and secondary neurodegeneration in CADASIL affects all brain regions, including white matter and cerebral cortex,(20) the iron deposition we found was limited to the striatum. This pattern is more compatible with iron deposition in aging and in degenerative diseases, than with iron deposition in large vessel stroke.(3;4;6;21) A possible explanation for this distribution is that when brain ischemia leads to a release of iron molecules in the cortex and white matter, this iron may be taken up by neuronal dendrites and be transported along neuronal axons to their sites of projection, the deep grey nuclei, where the iron is released and stored in oligodendroglial cells.(7) Since ischemic brain damage in small vessel disease is considered to be more chronic than in large vessel stroke, (22) this mechanism to remove the iron from the cortex and white matter may work more efficiently.
An alternative explanation for the distribution of iron in the striatum is that the deposition of iron molecules is not a direct result of brain ischemia, but rather a consequence of the secondary neurodegeneration. Possibly, the demyelination of white matter tracts and the 113 7T MRI reveals diffuse iron deposition in the putamen and caudate nucleus in CADASIL atrophy of cerebral cortex lead to a decreased demand of iron from the storage place in the deep gray nuclei, causing a chronic accumulation of iron in the striatum. (7) The effects of the increased iron levels in deep brain nuclei in this study population are unknown. In general, increased brain iron levels may lead to cerebral damage by interfering with protein synthesis or by increasing the vulnerability to oxidative stress. (23;24) In CADASIL, this may lead to worsening of clinical symptoms and to faster clinical disease progression. In our study the symptomatic CADASIL patients did indeed have higher values of phase shift than the asymptomatic MCs, which suggests that iron deposition is associated with disease severity. However, since these differences were not statistically significant, it remains unclear whether this association is true. Studies with a larger sample size need to be performed to confirm the relation between iron deposition and clinical disease severity in CADASIL. Eventually, the present findings could open new venues to modify the course of the disease in CADASIL, for example by using iron chelators or inhibitors of oxidative stress.
We measured iron deposition indirectly by detecting signal loss on magnitude images and measuring increased phase shift on phase images, and not by direct measurement of iron concentration which is still an area of contention in terms of quantitation using MRI. Causes of decreased signal intensity other than iron, such as calcifications or depositions of other types of metal cannot be ruled out on the MRI scans. However, histopathologic analysis showed that the pattern of hypointensity observed on MRI matches the pattern of iron staining on histochemistry.
In conclusion, high field MR imaging demonstrates progressive diffuse areas of T2* hypointensity and phase shift in the striatum in CADASIL, indicating that progressive iron deposition is associated with the pathology of CADASIL, and possibly of other small vessel diseases.
Further research is needed to elucidate the underlying pathophysiology and possible implications.
